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METHODS FOR SUPPRESSING THE 
INDUCTION OF NITRIC OXIDE SYNTHASE 

IN A CELL 

This application is a divisional of Us. application Ser. 
No. 09/579,791 ?led May 25, 2000 noW U.S. Pat. No. 
6,511,800, Which is a continuation of prior international 
Application No. PCT/US98/25360 ?led Nov. 25, 1998, 
Which claims priority to Us. Provisional Application Ser. 
No. 60/066,839, ?led Nov. 25, 1997. 

The U8. government may oWn rights in this invention 
pursuant to grant number NS22576 from the National Insti 
tutes of Health. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to the treatment of 

conditions involving undesired or pathological levels of 
inducible nitric oxide synthase (iNOS), e.g. septic shock or 
neuroin?ammatory diseases. In one important aspect, the 
invention relates to methods of suppressing, inhibiting or 
preventing the accumulation of nitric-oxide induced cyto 
toxicity by using inhibitors that block or suppress the 
induction of cytokines and/or inducible nitric oxide syn 
thase. Another aspect of the invention is the treatment of 
conditions involving undesired or pathological levels of 
proin?ammatory cytokines (i.e. TNF-ot, IL-1[3, IL-2, IL-6, 
IL-8 and/or IFN-y) and/ or iNOS. One important aspect of the 
invention relates to methods of suppressing, inhibiting, or 
preventing proin?ammatory cytokines and/ or iNOS induced 
or aggravated disorders including conditions involving the 
detrimental effects of in?ammation (e.g. disorders such as 
lupus, rheumatoid arthritis, osteoarthritis, amyotrophic lat 
eral sclerosis, and autoimmune disorders; ischemia/ 
reperfusion; neuroin?ammatory conditions such as 
AlZheimer’s, stroke, multiple sclerosis, X-linked adrenoleu 
kodystrophy; and the effects of aging). 

2. Description of Related Art 

Nitric Oxide and Proin?ammatory Cytokines 
Nitric oxide (NO) is a potent pleiotropic mediator of 

physiological processes such as smooth muscle relaxation, 
neuronal signaling, inhibition of platelet aggregation and 
regulation of cell mediated toxicity. It is a dilfusible free 
radical Which plays many roles as an effector molecule in 
diverse biological systems including neuronal messenger, 
vasodilation and antimicrobial and antitumor activities 
(Nathan, 1992; Jalfrey et al., 1995). NO appears to have both 
neurotoxic and neuroprotective effects and may have a role 
in the pathogenesis of stroke and other neurodegenerative 
diseases and in demyelinating conditions (e.g., multiple 
sclerosis, experimental allergic encephalopathy, 
X-adrenoleukodystrophy) and in ischemia and traumatic 
injuries associated With in?ltrating macrophages and the 
production of proin?amatory cytokines (Mitrovic et al., 
1994; Bo et a1, 1994; Merrill et al., 1993; DaWson et al., 
1991, Kopranski et al., 1993; Bonfoco et al., 1995). A 
number of pro-in?ammatory cytokines and endotoxin 
(bacterial lipopolysaccharide, LPS) also induce the expres 
sion of iNOS in a number of cells, including macrophages, 
vascular smooth muscle cells, epithelial cells, ?broblasts, 
glial cells, cardiac myocytes as Well as vascular and non 
vascular smooth muscle cells. Although monocytes/ 
macrophages are the primary source of iNOS in 
in?ammation, LPS and other cytokines induce a similar 
response in astrocytes and microglia (Hu et al., 1995; Galea 
et al, 1992). 
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During in?ammation, reactive oxygen species (ROS) are 

generated by various cells including activated phagocytic 
leukocytes; for example, during the neutrophil “respiratory 
burst”, superoxide anion is generated by the membrane 
bound NADPH oxidase. ROS are also believed to accumu 
late When tissues are subjected to in?ammatory conditions 
including ischemia folloWed by reperfusion. Superoxide is 
also produced under physiological conditions and is kept in 
check by superoxide dismutates. Excessively produced 
superoxide overWhelms the antioxidant capacity of the cell 
and reacts With NO to form peroxynitrite, ONOO', Which 
may decay and give rise to hydroxyl radicals, “OH 
(Marietta, M., 1989; Moncada et al., 1989; Saran et al., 
1990; Beckman et al. 1990). NO, peroxynitrite and “OH are 
potentially toxic molecules to cells including neurons and 
oligodendrocytes that may mediate toxicity through modi 
?cation of biomolecules including the formation of iron-NO 
complexes of iron containing enZyme systems (Drapier et 
al., 1988), oxidation of protein sulfhydryl groups (Radi et al, 
1991), nitration of proteins and nitrosylation of nucleic acids 
and DNA strand breaks (Wink et al., 1991). 

There is noW substantial evidence that iNOS plays an 
important role in the pathogenesis of a variety of diseases. 
In addition, it is noW thought that excess NO production may 
be involved in a number of conditions, including conditions 
that involve systemic hypotension such as septic and toxic 
shock and therapy With certain cytokines. Circulatory shock 
of various etiologies is associated With profound changes in 
the body’s NO homeostasis. In animal models of endotoxic 
shock, endotoxin produces an acute release of NO from the 
constitutive isoform of nitric oxide synthase in the early 
phase, Which is folloWed by induction of iNOS. NO derived 
from macrophages, microglia and astrocytes has been impli 
cated in the damage of myelin producing oligodendrocytes 
in demyelinating disorders like multiple sclerosis and neu 
ronal death during neuronal degenerating conditions includ 
ing brain trauma (Hu et al., 1995; Galea et al., 1992; 
KoproWski et al., 1993; Mitrovic et al., 1994; Bo et al., 1994; 
Merrill et al., 1993). 
NO is synthesiZed from L-arginine by the enZyme nitric 

oxide synthase (NOS) (Nathan, 1992). Nitric oxide syn 
thases are classi?ed into tWo groups. One type, constitu 
tively expressed (cNOS) in several cell types (e.g., neurons, 
endothelial cells), is regulated predominantly at the post 
transcriptional level by calmodulin in a calcium dependent 
manner (Nathan, 1992; Jalfrey et al., 1995). In contrast, the 
inducible form (iNOS), synthesiZed de novo in response to 
different stimuli in various cell types including 
macrophages, hepatocytes, myocytes, neutrophils, endothe 
lial and messangial cells, is independent of calcium. 
Astrocytes, the predominant glial component of brain have 
also been shoWn to induce iNOS in response to bacterial 
lipopolysaccharide (LPS) and a series of proin?ammatory 
cytokines including interleukin-1B (IL-1B), tumor necrosis 
factor-0t (TNF-ot), interferon-y (IFN-y) (Fu et al., 1995; 
Galea et al., 1992). 

Cytokines associated With extracellular signaling are 
involved in the normal process of host defense against 
infections and injury, in mechanisms of autoimmunity and in 
the pathogenesis of chronic in?ammatory diseases. It is 
believed that nitric oxide (NO), synthesiZed by nitric oxide 
synthetase (NOS) mediates deleterious effects of the cytok 
ines (Nathan, 1987; Zang et al., 1993; Kubes et al., 1991). 
For example, NO as a result of stimuli by cytokines (e.g., 
TNF-ot, IL-1 and interleukin-6 (IL-6) is implicated in 
autoimmune diseases such as multiple sclerosis, rheumatoid 
arthritis, osteoarthritis (Zang et al., 1993; McCartney 
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Francis et al., 1993). The NO produced by iNOS is associ 
ated With bactericidal properties of macrophages (Nathan, 
1992; Stuehr et al., 1989). Recently, an increasing number of 
cells (including muscle cells, macrophages, keratinocytes, 
hepatocytes and brain cells) have been shoWn to induce 
iNOS in response to a series of proin?ammatory cytokines 
including IL-1, TNF-ot, interferon-y (IFN-y) and bacterial 
lipopolysaccharides (LPS) (Zang et al., 1993; Busse et al., 
1990; Genge et al., 1995). 

Signal Transduction Pathways 
Mevalonate metabolites, particularly famesyl pyrophos 

phate (FPP), are involved in post-translational modi?cation 
of some G-proteins, including Ras (Goldstein et al., 1990; 
Casey et al., 1989). The inhibition of isoprenylation of Ras 
proteins by inhibitors of mevalonate pathWay and their 
membrane association and transduction of signal from Ras 
to Raf/MAP kinase cascade (Kikuchi et al., 1994) indicates 
a role of mevalonate metabolites in the transduction of 
signal from receptor tyrosine kinases to Raf/MAP kinase 
cascade. TWo enZymes that control the rate-limiting steps of 
the mevalonate pathWay are 3-hydroxy-3-methylglutaryl 
coenZyme A (HMG-CoA) reductase, Which catalyZes the 
formation of mevalonate from acetyl-CoA, and mevalonate 
pyrophosphate decarboxylase, Which controls the use of 
mevalonate Within the cell by converting 3-phospho-5 
pyrophospho-mevalonate to isopentenyl pyrophosphate. 
Lovastatin, a potent inhibitor of HMG-CoA reductase, and 
sodium salt of phenylacetic acid (NaPA), an inhibitor of 
mevalonate pyrophosphate decarboxylase, are knoWn to 
reduce the level of cellular isoprenoids (Castillo et al., 1991; 
Samid et al., 1994) and isoprenylated proteins (Repko and 
Maltese, 1989). No suppression of isoprenylated protein 
maturation in vitro by lovastatin treatment that produced 
50% inhibition of sterol biosynthesis has been observed 
(Sinensky et al., 1991). The IC5O for inhibition of sterol 
synthesis is 10 nM, Whereas the IC5O for inhibition of 
conversion of pro-p21ms to mature-p21ms is maximal at 2.6 
uM (Sinensky et al., 1991). The pharmacologically attain 
able concentration for NaPA, hoWever, is 1 to 5 mM 
(Thibault et al., 1995). HMG-CoA reductase can also be 
inhibited by 5-amino 4-imidaZolecarboxamide ribotide 
(AICAR). AICAR stimulates AMP-activated protein kinase, 
an enZyme that inhibits acetyl-CoA carboxylase and HMG 
CoA reductase (Henin et al., 1995) 
LPS is shoWn to bind cell-surface receptor CD14 

(Stefanova et al., 1993) and induce iNOS, probably via 
activation of NFkB @(ie et al., 1994; KWon et al., 1995). 
NFkB is an ubiquitous multisubunit transcription factor that 
is activated in response to various stimuli including cytok 
ines TNF-ot, IL-1, IL-2, IL-6, viruses, LPS, DNA damaging 
agents and phorbol myristate acetate (PMA) (Schreck et al., 
1992). Previous studies (LaW et al., 1992) demonstrating the 
inhibition of NF-kB activation by mevinolin and 
5'-methylthioadenosine indicates a role of protein famesy 
lation and carboxyl methylation reactions in the activation of 
NF-kB. Identi?cation of the binding site of NF-kB in the 
promoter region of the iNOS gene and that the activation of 
NFkB in LPS-induced iNOS induction establishes a role of 
NFkB activation in the induction of iNOS @(ie et al., 1994). 
Although the precise mechanism of NFkB activation is not 
knoWn at the present time, the inhibition of activation of 
NFkB by inhibitors of tyrosine kinase and proteases indi 
cates a role of phosphorylation and degradation of Ik[3 in this 
process (Menon et al., 1993; Henkel et al., 1993). 

Reactive oxygen (Schreck et al., 1992) and reactive 
nitrogen (Lander et al., 1993) species have been demon 
strated to mediate the signal for NFkB activation. The 
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4 
differential induction of NFkB by protein phosphatase 
inhibitors in primary and transformed cell lines also indi 
cates that induction of NFkB is dependent on the dual 
processes of cellular redox and phosphorylation (Menon et 
al., 1993). The exact target of ROS that modulate cellular 
redox is unknown, and the lack of induction in cells in Which 
activity of p21ras Was blocked through expression of a 
dominant negative mutant or treatment With famesyltrans 
ferase inhibitor indicate that direct activation of p21ras may 
be the central mechanism by Which redox stress stimuli 
transmit its signal to the nucleus (Lander et al., 1995). 

Ceramide Production and Apoptosis 
Cytokine-mediated ceramide production is implicated in 

apoptosis of different cells including brain cells (Brugg et 
al., 1996; Wiesner and DaWson, 1996). Several studies 
support a role for hydrolysis of sphingomyelin as a stress 
activated signaling mechanism in Which ceramide plays a 
role in cell regulation, cell differentiation, groWth suppres 
sion and apoptosis in various cell types including glial and 
neuronal cells (Hannun and Bell, 1989; Hannun, 1994; 
Kolesnick and Golde, 1994; Brugg et al., 1996; Wiesner and 
DaWson, 1996). Sphingomyelin is preferentially concen 
trated in the outer lea?et of the plasma membrane of most 
mammalian cells; it comprises sphingosine (a long chain 
sphingoid base backbone), a fatty acid, and a phosphocho 
line head group. Ceramide is composed of a sphingoid base 
With a fatty acid in amide linkage. Ceramide activates the 
proteases of the interleukin-converting enZyme (ICE) family 
(especially prICE/YAMA/CPP32), the protease responsible 
for cleavage of poly(A)DP-ribose polymerase (Martin et al., 
1995), and that the activation of prICE by ceramide and 
induction of apoptosis are inhibited by overexpression of 
Bcl-2 (Zhang et al., 1996). Addition of exogenous ceramides 
or sphingomyelinase to cells induces stress-activated protein 
kinase-dependent transcriptional activity through the acti 
vation of c-jun (Latinis and KoretZky, 1996), and a dominant 
negative mutant of SEKl, the protein kinase responsible for 
phosphorylation and activation of stress-activated protein 
kinase, interferes With ceramide-induced apoptosis (Verheij 
et al., 1996). These observations also indicate that both 
Bcl-2 and stress-activated protein kinase function doWn 
stream of ceramide in the apoptotic pathWay. 
The signaling events in cytokine-mediated activation of 

sphingomyelin degradation to ceramide are poorly under 
stood. Since the discovery of the sphingomyelin cycle, 
several inducers have been shoWn to be coupled to 
sphingomyelin-ceramide signaling events, including 10.,25 
dihydroxyvitamin D3, radiation, antibody cross-linking, 
TNF-ot, IFN-y, IL-1[3, nerve groWth factor, and brefeldin A 
(Hannun and Bell, 1989; Hannun, 1994; Kolesnick and 
Golde, 1994; Zhang and Kolesnick, 1995; Kantey et al., 
1995; Linardic et al., 1996). 
The sphingomyelin pathWay-associated signal transduc 

tion pathWay mediates the action of several extracellular 
stimuli that lead to important biochemical and cellular 
effects (Zhang and Kolesnick, 1995; Kantey et al., 1995; Yao 
et al., 1995; Hannun, 1996; LoZano et al., 1994). In the case 
of TNF-ot, the pathWay is initiated by the action of TNF-ot 
on its 55-kDa receptor, leading to phospholipase A2 
activation, generation of arachidonic acid, and subsequent 
activation of sphingomyelinase (Jayadev et al., 1994). This 
pathWay is initiated by the activation of tWo distinct forms 
of sphingomyelinase (SMase), a membrane-associated neu 
tral sphingomyelinase (Chatterjee, 1993) and an acidic sph 
ingomyelinase (Spence, 1993), Which reside in the caveola 
and the endosomal-lysosomal compartment. Each type of 
SMase hydrolyzes the phosphodiester bond of sphingomy 
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elin to yield ceramide and phosphocholine. Proin?ammatory 
cytokines (tumor necrosis factor-0t, TNF-ot; interleukin-1B, 
IL-1[3; interferon-y, IFN-y) and bacterial lipopolysaccha 
rides have been shown as potent inducers of SMases. 
Ceramide has emerged as a second messenger molecule that 
is considered to mimic most of the cellular e?fects of 
cytokines and lipopolysaccharide in terminal differentiation, 
apoptosis, and cell cycle arrest (Zhang and Kolesnick, 1995; 
Kantey et al., 1995). 

Sphingomyelin turnover and ceramide generation in 
response to TNF-ot and IL-1[3 occurs Within minutes of 
stimulation; hoWever, the sequence of events linking recep 
tor stimulation and SMase activation remains largely 
unknoWn (Hannun, 1996; LoZano et al., 1994; Jayadev et al., 
1994). In a number of cell systems, interaction of TNF-(X 
With its membrane receptors (p75 and p55) has been found 
to activate phospholipase A2 and to induce release of arachi 
donic acid from phosphatidylcholine and phosphatidyletha 
nolamine pools. This arachidonic acid has been shoWn as a 
mediator of sphingomyelin hydrolysis in response to TNF-(X 
(Jayadev et al., 1994) In addition, proteases have also been 
implicated in the pathWay leading from TNF-(X to the 
activation of SMase (Hannun, 1996; Dbaio et al., 1997) 
recently. On the other hand, IL-1[3 and TNF-(X are knoWn to 
induce the production of reactive oxygen species, a class of 
highly di?usible and ubiquitous molecules, Which have been 
suggested to act as second messengers (Tiku et al., 1990; Lo 
and Cruz, 1995; Devary et al, 1991). ROS encompassing 
species such as superoxide, hydrogen peroxide, and 
hydroxyl radicals are knoWn to regulate critical steps in the 
signal transduction cascade and many important cellular 
events including protein phosphorylation, gene expression, 
transcription factor activation, DNA synthesis, and cellular 
proliferation (Schreck et al., 1991; Sen and Packer, 1996). A 
recent observation has shoWn that glutathione or similar 
molecules inhibit the activity of magnesium-dependent neu 
tral SMase in vitro (Liu and Hannun, 1997). HoWever, 
surprisingly, the SH group of GSH Was not required as 
S-methyl GSH and GSSG inhibited neutral SMase at loWer 
concentrations than GSH (Liu and Hannun, 1997). On the 
other hand, N-acetylcysteine has also been found to inhibit 
the synthesis of ceramide in cultured rat hepatocytes through 
the inhibition of dihydroceramide desaturase (Michel et al., 
1 997). 
In?ammatory Diseases 
NO generated by iNOS has been implicated in the patho 

genesis of in?ammatory diseases. In experimental animals 
hypotension induced by LPS or TNF-alpha can be reversed 
by NOS inhibitors and reinitiated by L-arginine (Kilboum et 
al., 1990). Conditions Which lead to cytokine-induced 
hypotension include septic shock, hemodialysis (Beasley 
and Brenner, 1992) and IL-2 therapy in cancer patients 
(Hibbs et al., 1992). Studies in animal models have sug 
gested a role for NO in the pathogenesis of in?ammation and 
pain and NOS inhibitors have been shoWn to have bene?cial 
e?fects on some aspects of the in?ammation and tissue 
changes seen in models of in?ammatory boWel disease 
(Miller et al., 1990) and cerebral ischemia and arthritis 
(Ialenti et al., 1993; Stevanovic-Racic et al., 1994). 

In?ammation, iNOS activity and/or cytokine production 
has been implicated in a variety of diseases and conditions, 
including psoriasis (RuZicka et al., 1994; Kolb-Bachofen et 
al., 1994; Bull et al., 1994); uveitis (Mandia et al., 1994); 
type 1 diabetes (Eisieik & Leijersfam, 1994; Kroncke et al., 
1991; Welsh el at., 1991); septic shock (Petros et al., 1991; 
Thiemermann & Vane, 1992; Evans et al., 1992; Schilling et 
al., 1993); pain (Moore et al., 1991; Moore et al, 1992; 
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6 
Meller et al., 1992; Lee et al., 1992); migraine (Olesen et al., 
1994); rheumatoid arthritis (Kaurs & HalliWell, 1994); 
osteoarthritis (Stadler et al., 1991); in?ammatory boWel 
disease (Miller et al., 1993; Miller et al., 1993); asthma 
(Hamid et al., 1993; Kharitonov et al., 1994); KoproWski et 
al., 1993); immune complex diseases (Mulligan et al., 1992); 
multiple sclerosis (KoproWski et al., 1993); ischemic brain 
edema (Nagafuji et al., 1992; Buisson et al., 1992; Tri?letti 
et al., 1992); toxic shock syndrome (ZemboWicZ & Vane, 
1992); heart failure (WinlaW et al., 1994); ulcerative colitis 
(Boughton-Smith et al., 1993); atherosclerosis (White et al., 
1994); glomerulonephritis (Muhl et al., 1994); Paget’s dis 
ease and osteoporosis (LoWick et al., 1994); in?ammatory 
sequelae of viral infections (KoproWski et al., 1993); 
retinitis, (Goureau et al., 1992); oxidant induced lung injury 
(Berisha et al., 1994); ecZema (RuZica et al., 1994); acute 
allograft rejection (Devlin, J. et al., 1994); and infection 
caused by invasive microorganisms Which produce NO 
(Chen, Y and RosaZZa, J. P. N., 1994). 

In the central nervous system, apoptosis may play an 
important pathogenetic role in neurodegenerative diseases 
such as iscehmic injury and White matter diseases 
(Thompson, 1995; Bredesen, 1995). Both X-linked adreno 
leukodystrophy (X-ALD) and multiple sclerosis (MS) are 
demyelinating diseases With the involvement of proin?am 
matory cytokines in the manifestation of White matter 
in?ammation. The presence of immunoreactive tumor 
necrosis factor a (TNF-ot) and interleukin 1 (IL-16) in 
astrocytes and microglia of X-ALD brain has indicated the 
involvement of these cytokines in immunopathology of 
X-ALD and aligned X-ALD With MS, the most common 
immune-mediated demyelinating disease of the CNS in man 
(PoWers, 1995; PoWers et al., 1992; McGuinnes et al., 1995; 
McGuiness et al., 1997). Several studies demonstrating the 
induction of proin?ammatory cytokines at the protein or 
mRNA level in cerebrospinal ?uid and brain tissue of MS 
patients have established an association of proin?ammatory 
cytokines (TNF-ot, IL-1[3, IL-2, IL-6, and IFN-y) With the 
in?ammatory loci in MS (Maimone et al., 1991; Tsukada et 
al., 1991; Rudick and Ransoho?, 1992). 

X-linked adrenoleukodystrophy (X-ALD), an inherited, 
recessive peroxisomal disorder, is characterized by progres 
sive demyelination and adrenal insu?iciency (Singh, 1997; 
Moser et al., 1984). It is the most common peroxisomal 
disorder a?fecting betWeen 1/ 15,000 to 1/20,000 boys and 
manifests With di?ferent degrees of neurological disability. 
The onset of childhood X-ALD, the major form of X-ALD, 
is betWeen the age of 4 to 8 and then death Within the next 
2 to 3 years. Although X-ALD presents as various clinical 
phenotypes, including childhood X-ALD, adrenomyelo 
neuropathy (AMN), and Addison’s disease, all forms of 
X-ALD are associated With the pathognomonic accumula 
tion of saturated very long chain fatty acids (VLCFA) (those 
With more than 22 carbon atoms) as a constituent of cho 
lesterol esters, phospholipids and gangliosides (Moser et al., 
1984) and secondary neuroin?ammatory damage (Moser et 
al., 1995). The necrologic damage in X-linked adrenoleu 
kodystrophy may be mediated by the activation of astrocytes 
and the induction of proin?ammatory cytokines. Due to the 
presence of similar concentration of VLCFA in plasma and 
as Well as in ?broblasts of X-ALD, ?broblasts are generally 
used for both prenatal and postnatal diagnosis of the disease 
(Singh, 1997; Moser et al., 1984). 
The de?cient activity for oxidation of lignoceroyl-CoA 

ligase as compared to the normal oxidation of lignoceroyl 
CoA in puri?ed peroxisomes isolated from ?broblasts of 
X-ALD indicated that the abnormality in the oxidation of 
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VLCFA may be due to de?cient activity of lignoceroyl-CoA 
ligase required for the activation of lignoceric acid to 
lignoceroyl-CoA (Hashmi et al., 1986; LaZo et al., 1988). 
While these metabolic studies indicated lignoceroyl-CoA 
ligase gene as a X-ALD gene, positional cloning studies led 
to the identi?cation of a gene that encodes a protein (ALDP), 
With signi?cant homology With the ATP-binding cassette 
(ABC) of the super-family of transporters (Mosser et al., 
1993). The normalization of fatty acids in X-ALD cells 
folloWing transfection of the X-ALD gene (Cartier et al., 
1995) supports a role for ALDP in fatty acid metabolism; 
hoWever, the precise function of ALDP in the metabolism of 
VLCFA is not knoWn at present. 

Similar to other genetic diseases affecting the central 
nervous system, the gene therapy in X-ALD does not seem 
to be a real option in the near future and in the absence of 
such a treatment a number of therapeutic applications have 
been investigated (Singh, 1997; Moser, 1995). Adrenal 
insufficiency associated With X-ALD responds readily With 
steroid replacement therapy, hoWever, there is as yet no 
proven therapy for neurological disability (Moser, 1995). 
Addition of monoenoic fatty acid (e.g., oleic acid) to cul 
tured skin ?broblasts of X-ALD patients causes a reduction 
of saturated VLCFA presumably by competition for the 
same chain elongation enZyme (Moser, 1995). Treatment of 
X-ALD patients With trioleate resulted in 50% reduction of 
VLCFA. Subsequent treatment of X-ALD patients With a 
mixture of trioleate and trieruciate (popularly knoWn as 
LorenZo’s oil) also led to a decrease in plasma levels of 
VLCFA (Moser, 1995; RiZZo et al., 1986; RiZZo et al., 1989). 
Unfortunately, the clinical e?icacy has been unsatisfactory 
since no proof of favorable effects has been observed by 
attenuation of the myelinolytic in?ammation in X-ALD 
patients (Moser, 1995). Moreover, the exogenous addition of 
unsaturated VLCFA induces the production of superoxide, a 
highly reactive oxygen radical, by human neutrophils 
(Hardy et al., 1994). Since cerebral demyelination of 
X-ALD is associated With a large in?ltration of phagocytic 
cells to the site of the lesion (PoWers et al., 1992), treatment 
With unsaturated fatty acids may even be toxic to X-ALD 
patients. Bone marroW therapy also appears to be of only 
limited value because of the complexicity of the protocol 
and of insigni?cant e?icacy in improving the clinical status 
of the patient (Moser, 1995). 

Experimental allergic encephalomyelitis (EAE) is an 
in?ammatory demyelinating disease of the central nervous 
system (CNS) that serves as a model for the human demy 
elinating disease, multiple sclerosis (MS). Studies have 
shoWn that the majority of the in?ammatory cells constitute 
of T-lymphocytes and macrophages (Merrill and Benveniste, 
1996). These effector cells and astrocytes have been impli 
cated in the disease pathogenesis by secreting number of 
molecules that act as in?ammatory mediators and/or tissue 
damaging agents such as nitric oxide (NO). NO is a mol 
ecule With bene?cial as Well as detrimental effects. In 
neuroin?ammatory diseases like EAE, high amounts of NO 
produced for longer durations by inducible nitric oxide 
synthase (iNOS) acts as a cytotoxic agent toWards neuronal 
cells. Previous studies have shoWn NO by itself or it’s 
reactive product (ONOO') may be responsible for death of 
oligodendrocytes, the myelin producing cells of the CNS, 
and resulting in demyelination in the neuroin?ammatory 
disease processes (Merrill et al., 1993; Mitrovic et al., 1994). 

In?ltrating T-lymphocytes in EAE produce pro 
in?ammatory cytokines such as IL-12, TNF-ot and IFN-y 
(Merrill and Benveniste, 1996). In addition to T-cells and 
macrophages, astrocytes have also been shoWn to produce 
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8 
TNF-ot (Shafer and Murphy, 1997). Convincing evidence 
exists to support a role for both TNF-ot and IFN-y in the 
pathogenesis of EAE (Taupin et al., 1997; Villarroya et al., 
1996; IssaZadeh et al., 1995). Investigations With antibodies 
against TNF-ot have shoWn that in mice these antibodies 
protect against active and adaptively transferred EAE dis 
ease (Klinkert et al., 1997). The expression of TNF-ot and 
IFN-y during EAE disease could result in the upregulation of 
iNOS in macrophage and astrocytes because TNF-ot and 
IFN-y have been shoWn to be potent inducers of iNOS in 
macrophages and astrocytes in culture (Xie et al., 1994). 
This induction of iNOS could result in the production of NO, 
Which if produced in large amounts may lead to cytotoxic 
effects. Peroxynitrite (ONOO') has been identi?ed in both 
MS and EAE CNS (Hooper et al., 1997; van der Veen et al., 
1997). The role of peroxynitrite in the pathogenesis of EAE 
is supported by the bene?cial effects of uric acid, a perox 
ynitrite scavenger, against EAE and by a subsequent survey 
documenting that MS patients had signi?cantly loWer serum 
uric acid levels than those of controls (Hooper et al., 1998). 
HoWever, aggravation of EAE by inhibitors of NOS activity 
(Ruuls et al., 1996) and in an animal model of iNOS gene 
knockout (Fenyk-Melody et al., 1998) indicate that NO may 
not be the only pathological mediator in EAE disease 
process. In addition to NO other free radicals such as 
reactive oxygen intermediates (0;, H202, and OH“) can 
also be stimulated by cytokines (Merrill and Benveniste, 
1996). Reactive oxygen intermediates (ROI) and NO are 
believed to be key mediators of pathophysiological changes 
that take place during in?ammatory disease process. ROI’s 
such as superoxide anion, hydroxy radicals and hydrogen 
peroxide can also be stimulated by TNF-ot (Merrill and 
Benveniste, 1996). Therefore, it is likely that both the direct 
modulation of cellular functions by proin?ammatory cytok 
ines and toxicity of the ROI and reactive nitrogen species 
may play a role in the pathogenesis of EAE disease. 

Several studies on protein and/or mRNA levels in plasma, 
cerebrospinal ?uid (CSF), brain tissue, and cultured blood 
leukocytes from MS patients have established an association 
of proin?ammatory cytokines (TNF-ot, IL-1 and IFN-y) With 
MS (Taupin et al., 1997; Villarroya et al., 1996; IssaZadeh et 
al., 1995). The mRNA for iNOS has also been detectable in 
both MS as Well as EAE brains (Bagasra et al., 1995; 
KoproWski et al., 1993). Semiquantitative RT-PCRTM for 
iNOS mRNA in MS brains shoWs markedly higher expres 
sion of iNOS mRNA in MS brains than control brains 
(Bagasra et al., 1995). Analysis ofCSF from MS patients has 
also shoWn increased levels of nitrite and nitrate compared 
With normal control (Merrill and Benveniste, 1996). 
Peroxynitrite, ONOOi is a strong nitrosating agent capable 
of nitrosating tyrosine residues of proteins to nitrotyrosine. 
Increased levels of nitrotyrosine have been found in demy 
elinating lesions of MS brains as Well as spinal cords of mice 
With EAE (Hooper et al., 1998; Hooper et al., 1997). A 
strong correlation exists betWeen CSF levels of cytokines, 
disruption of blood-brain barrier, and high levels of circu 
lating cytokines in MS patients (Villarroya et al, 1996; 
IssaZadeh et al, 1995). Increase in TNF-ot and IFN-y levels 
seems to predict relapse in MS and the number of circulating 
IFN-y positive blood cells correlates With severity of dis 
ability. These observations support the vieW that in both MS 
and EAE, induction of proin?ammatory cytokines and pro 
duction of NO through iNOS play roles in the pathogenesis 
of these diseases. 

AlZheimer’s disease (AD) is the most common degenera 
tive dementia a?fecting primarily the elderly population. The 
disease is characteriZed by the decline of multiple cognitive 
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functions and a progressive loss of neurons in the central 
nervous system. Deposition of beta-amyloid peptide has also 
been associated With AD. Over the last decade, a number of 
investigators have noted that AD brains contain many of the 
classical markers of immune mediated damage. These 
include elevated numbers of microglia cells, Which are 
believed to be an endogenous CNS form of the peripheral 
macrophage, and astrocytes. Of particular importance, 
complement proteins have been immunohistochemically 
detected in the AD brain and they most often appear asso 
ciated With beta-amyloid containing pathological structures 
knoWn as senile plaques (Rogers et al., 1992; Haga et al., 
1993). 

These initial observations Which suggest the existence of 
an in?ammatory component in the neurodegeneration 
observed in AD has been extended to the clinic. A small 
clinical study using the nonsteroidal anti-in?ammatory drug, 
indomethacin, indicated that indomethacin signi?cantly 
sloWed the progression of the disease (Neurology, 43(8) 
:1609 (1993)). In addition, a study examining age of onset 
among 50 elderly tWin pairs With onsets of AD separated by 
three or more years, suggested that anti-in?ammatory drugs 
may prevent or delay the initial onset of AD symptoms 
(Neurology, 44:227 (1994)). 

Over the years numerous therapies have been tested for 
the possible bene?cial e?fects against EAE or MS disease but 
With mixed results (Cross et al., 1994; Ruuls et al., 1996). 
Though aminoguandine (AG) has been described as a com 
petitive inhibitor of iNOS and a suppressor of its expression 
(Corbett and McDaniel, 1996; Joshi et al., 1996), to date feW 
compounds Which inhibit iNOS are of potential therapeutic 
value have been identi?ed. This de?ciency is particularly 
troubling given the signi?cant cellular damage Which can 
arise as a result of iNOS-mediated nitric oxide toxicity, 
especially in chronic in?ammatory disease states. There is a 
present need for therapeutic agents Which Will inhibit or 
even prevent cytotoxic concentrations of NO from occurring 
in individuals suffering from diseases and conditions to 
Which NO toxicity or an undesired production of proin?am 
matory cytokines is linked. 

SUMMARY OF THE INVENTION 

The invention generally provides methods of treating 
nitric oxide (NO) cytotoxicity comprising providing a bio 
logically e?fective amount of an inducible nitric oxide syn 
thase (iNOS) and/or proin?ammatory cytokine induction 
suppressor and/or inhibitor. The invention provides a solu 
tion to the cytotoxicity induced or fostered by the presence 
of NO and/or proin?ammatory cytokines Which is observed 
in individuals suffering from autoimmune or in?ammatory 
diseases, including stroke, neurodegenerative diseases, 
demyelinating conditions (e.g., multiple sclerosis, experi 
mental allergic encephalopathy, X-adrenoleukodystrophy), 
brain trauma, ischemia-reperfusion, AlZheimer’s disease, 
aging, Landry-Guillain-Barre-Strohl syndrome, rheumatoid 
arthritis, endotoxic shock, myocardial infarction, tissue 
injury or HIV-mediated NO neurotoxicity. 

The invention ?rst provides a method for suppressing the 
induction of inducible nitric oxide synthase and/or proin 
?ammatory cytokines in a cell comprising contacting said 
cell With an effective amount of at least one induction 
suppressor and/or inhibitor of inducible nitric oxide syn 
thase. Preferred cells throughout the various embodiments 
of the invention are lymphocytes, macrophages, endothelial 
cells, astrocytes, masengial cells, myocytes, Kulfer cells, 
epithelial cells, microglia, oligodendrocytes and neurons. 
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10 
Proin?ammatory cytokines that are preferred include TNF 
0t, IL-1[3, IL-2, IL-6, IL-8 and IFN-y. As used herein certain 
embodiments “induction” may mean an increase in the 
overall rate of gene transcription and/or translation. Induc 
tion may also mean that the rate of gene message or protein 
product destruction is decreased, producing a net increase in 
the amount of a message or translated protein. As used 
herein certain embodiments, the phrase “inhibition of nitric 
oxide cytotoxicity” denotes any measurable decrease in the 
production of NO. Inhibition of nitric oxide cytotoxicity 
includes inhibition of iNOS activity, production of iNOS 
protein, production or translation of iNOS mRNA, inhibi 
tion of LPS- or cytokine-induced NF-kB activation in a cell. 
As used herein certain embodiments, “inhibitors” refers to 
such compounds or agents that produce any measurable 
decrease in the activity, production, or secretion of a protein 
or biological compound, or the translation of mRNA, in, or 
in the case of secretion, from, a cell. Proteins and biological 
compounds that are speci?cally contemplated in the inven 
tion include iNOS and proin?ammatory cytokines. As used 
herein certain embodiments, a “enhancer” or “stimulator” 
refers to such compounds or agents that produce any mea 
surable increase in the activity, production, or secretion of a 
protein or biological compound, or the translation of mRNA, 
in, or in the case of secretion, from, a cell. As used herein 
certain embodiments, an “inducer” refers to such com 
pounds or agents that produce any measurable increase in 
the content, production, translation, or secretion of a protein 
or biological compound, or the translation of mRNA, in, or 
in the case of secretion, from, a cell. As used herein certain 
embodiments, “a suppressor” refers to an agent or com 
pound that produces any measurable reduction in the induc 
tion of a gene. Thus, a “suppressor” is a type of “inhibitor”, 
that acts reduce the net rate of transcription or translation of 
a target gene. 

In preferred aspects of the invention, the induction sup 
pressor and/or inhibitor of inducible nitric oxide synthase 
and/or proin?ammatory cytokines may be selected from the 
group including, but not limited to, lovastatin, mevastatin, 
FPT inhibitor II, forskolin, rolipram, phenylacetate (NaPA), 
N-acetyl cysteine (NAC), pyrolidine dithiocarbarnate 
(PDTC), 4-phenylbutyrate (4PBA), 5-aminoimmidaZole-4 
carboxamide ribonucleoside (AICAR), theophylline, 
papaverine, cAMP, 8-bromo-cAMP, (S)-cAMP, and salts, 
analogs, or derivatives thereof. 

In some embodiments, the induction suppressor and/or 
inhibitor of inducible nitric oxide synthase and/or proin 
?ammatory cytokines may be an inhibitor of the Ras/Raf/ 
MAP kinase pathWay. In certain embodiments the induction 
suppressor and/ or inhibitor of inducible nitric oxide synthase 
and/or proin?ammatory cytokines may be an inhibitor of 
NF-KB, such as for example an inhibitor of NF-kB 
activation, and/or a suppressor of its induction. In certain 
preferred embodiments the inhibitor of NF-kB activation 
includes, but is not limited to, lovastatin, NaPA, metastatin, 
4-phenylbutyrate, FPT inhibitor II, AICAR and salts, 
analogs, or derivatives thereof. In some embodiments, the 
induction suppressor and/or inhibitor of inducible nitric 
oxide synthase and/ or proin?ammatory cytokines may be an 
inhibitor of mevalonate synthesis. In certain embodiments 
the inhibitor of mevalonate synthesis may be an inhibitor of 
the farnasylation of a protein. In certain preferred embodi 
ments the inhibitor of mevalonate synthesis may be an 
inhibitor of HMG-CoA reductase and/or suppressor of its 
induction, including but not limited to, lovastatin or AICAR 
and salts, analogs, or derivatives thereof. In certain preferred 
embodiments the inhibitor of HMG-CoA reductase is a 
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stimulator of AMP-activated protein kinase, including but 
not limited to, AICAR and salts, analogs, or derivatives 
thereof. In certain embodiments, the induction suppressor 
and/or inhibitor of inducible nitric oxide synthase and/or 
proin?ammatory cytokines may be a stimulator of AMP 
activated protein kinase. In certain other preferred embodi 
ments the inhibitor of of inducible nitric oxide synthase 
and/or proin?ammatory cytokines may be an inhibitor of 
mevalonate pyrophosphate decarboxylase and/or suppressor 
of its induction, including but not limited to, phenylacetic 
acid, 4-phenylbutyrate and salts, analogs, or derivatives 
thereof. In certain preferred embodiments the inhibitor of 
mevalonate synthesis may be lovastatin, mevastatin, NaPA, 
AICAR, 4-phenylbutyrate and salts, analogs, or derivatives 
thereof. In certain aspects embodiments the inhibitor of of 
inducible nitric oxide synthase and/or proin?ammatory 
cytokines is an inhibitor of farnesyl pyrophosphate. Pre 
ferred inhibitors of farnesyl pyrophosphate include, but are 
not limited to 4-phenylbutyrate or NaPA. 

In other embodiments the suppressor of inducible nitric 
oxide synthase and/ or proin?ammatory cytokines is an anti 
oxidant. In preferred embodiments the antioxidant may be, 
but is not limited to, N-acetyl cysteine, PDTC, and salts, 
analogs, or derivatives thereof. 

In certain other embodiments the inducible nitric oxide 
synthase and/or proin?ammatory cytokines induction sup 
pressor and/or inhibitor is an enhancer of intracellular 
cAMP, inhibitor of the Ras/ Raf/ MAP kinase pathWay, and/ or 
inhibitor of NF-kB, NF-kB activation and/or suppressor of 
NF-kB induction. In a preferred embodiment, the inhibitor 
of the Ras/Raf/MAP kinase pathWay includes, but is not 
limited to, AICAR and salts, analogs, or derivatives thereof. 
The enhancer of intracellular cAMP may be an inhibitor of 
cAMP phosphodiesterase and/or suppressor of its induction. 
In preferred aspects of the invention, the inhibitor of cAMP 
phosphodiesterase may be, but is not limited to, rolipram 
and salts, analogs, or derivatives thereof. In certain other 
aspects of the invention, the induction suppressor and/or 
inhibitor of inducible nitric oxide synthase and/or proin 
?ammatory cytokines is cAMP and salts, analogs, or deriva 
tives thereof. Derivatives of cAMP include, but are not 
limited to, 8-bromo-cAMP or (S)-cAMP. In other aspects of 
the invention, the enhancer of intracellular cAMP may be, 
but is not limited to, forskolin, rolipram, 8-bromo-cAMP, 
theophylline, papaverine, cAMP and salts, analogs, or 
derivatives thereof. In certain embodiments, the induction 
suppressor and/or inhibitor of inducible nitric oxide synthase 
and/or proin?ammatory cytokines may be a enhancer of 
protein kinase A. In other aspects of the invention, the 
enhancer of protein kinase A may include, but is not limited 
to, forskolin, rolipram, 8-bromo-cAMP, (S)-cAMP, cAMP 
and salts, analogs, or derivatives thereof. may be, but is not 
limited to, forskolin, rolipram, 8-bromo-cAMP, 
theophylline, papaverine, cAMP and salts, analogs, or 
derivatives thereof. 

In yet another aspect of the invention, the induction 
suppressor and/or inhibitor of inducible nitric oxide synthase 
and/or proin?ammatory cytokines may be a Ras farnesyl 
protein transferase inhibitor and/or induction suppressor, an 
inhibitor of the famasylation of Ras, and/or an activator of 
G-proteins. In a preferred embodiment, the Ras farnesyl 
protein transferase inhibitor and/or induction suppressor 
includes, but is not limited to, a FPT inhibitor and salts, 
analogs, or derivatives thereof. In a preferred embodiment, 
the inhibitor of the famasylation of Ras, includes, but is not 
limited to, a FPT inhibitor II and salts, analogs, or deriva 
tives thereof. 
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In one embodiment of the invention, the inducible nitric 

oxide synthase and/or proin?ammatory cytokines inhibitor 
and/or induction suppressor is selected from the group 
consisting of lovastatin, mevastatin, FPT inhibitor II, 
forskolin, rolipram, phenylacetate (NaPA), N-acetyl cys 
teine (NAC), PDTC, 4-phenylbutyrate (4PBA), 
5-aminoimmidaZole-4-carboxamide ribonucleoside 
(AICAR), theophylline, papaverine, cAMP, 8-bromo-cAMP, 
(S)-cAMP, and salts, analogs, or derivatives thereof. In a 
further embodiment of the invention, combinations of tWo or 
more inhibitors and/or induction suppressors are preferred 
for use in the methods described herein. 
A “salt” is understood herein certain embodiments to 

mean a compound formed by the interaction of an acid and 
a base, the hydrogen atoms of the acid being replaced by the 
positive ion of the base. Salts, Within the scope of this 
invention, include both the organic and inorganic types and 
include, but are not limited to, the salts formed With 
ammonia, organic amines, alkali metal hydroxides, alkali 
metal carbonates, alkali metal bicarbonates, alkali metal 
hydrides, alkali metal alkoxides, alkaline earth metal 
hydroxides, alkaline earth metal carbonates, alkaline earth 
metal hydrides and alkaline earth metal alkoxides. Repre 
sentative examples of bases that form such base salts include 
ammonia, primary amines such as n-propylamine, 
n-butylamine, aniline, cyclohexylamine, benZylamine, 
p-toluidine, ethanolamine and glucamine; secondary amines 
such as diethylamine, diethanolamine, N-methylglucamine, 
N-methylaniline, morpholine, pyrrolidine and piperidine; 
tertiary amines such as triethylamine, triethanolamine, N,N 
dimethylaniline, N-ethylpiperidine and 
N-methylmorpholine; hydroxides such as sodium hydrox 
ide; alkoxides such as sodium ethoxide and potassium 
methoxide; hydrides such as calcium hydride and sodium 
hydride; and carbonates such as potassium carbonate and 
sodium carbonate. Preferred salts are those of sodium, 
potassium, ammonium, ethanolamine, diethanolamine and 
triethanolamine. Particularly preferred are the sodium salts. 
As used herein, “derivatives” refers to chemically modi 

?ed inhibitors or stimulators that still retain the desired 
effects on property(s) of iNOS or pro in?ammatory gene, 
protein, and/or activity induction or suppression. Deriva 
tives may also retain other desired properties described 
herein, such as suppressing the accumulation of very long 
chain fatty acids, de?ned herein as fatty acids With more 
than 22 carbon atoms. Such derivatives may have the 
addition, removal, or substitution of one or more chemical 
moieties on the parent molecule. Such moieties may include, 
but are not limited to, an element such as a hydrogen or a 

halide, or a molecular group such as a methyl group. Such 
a derivative may be prepared by any method knoWn to those 
of skill in the art. The properties of such derivatives may be 
assayed for their desired properties by any means described 
herein or knoWn to those of skill in the art. 

As used herein, “analogs” include structural equivalents 
or mimetics, described further in the detailed description. 

In administering the inducible nitric oxide synthase and/or 
proin?ammatory cytokines inhibitors and/or induction sup 
pressors to a mammal, preferably a human, pig, cats, dogs, 
rodent, or cattle including but not limited to, sheep, goats 
and coWs, the inhibitor is formulated in a pharmaceutically 
acceptable vehicle. The induction suppressor and/or inhibi 
tor may be administered to a patient in a dose therapeutic to 
treat a diseases, conditions and disorders Where there is an 
advantage in inhibiting the nitric oxide synthase enZyme 
and/or the production of proin?ammatory cytokines. 
A “patient”, as used herein, may be an animal. Preferred 

animals are mammals, including but not limited to humans, 


























































































































